The orthorhombic perovskite-type oxide systems, Ca 1¹x Nd x MnO 3 and Ca 1¹x Nd 2x/3 □ x/3 MnO 3 (□ indicates A-site vacancy) were synthesized by a standard ceramic technique. Thermoelectric properties such as Seebeck coefficient (S), electrical conductivity (·) and thermal conductivity (¬) were evaluated as functions of temperature (T) and composition (x). The electrical conductivity increased and the absolute Seebeck coefficient decreased with increased composition, in both the systems. Jonker plots revealed that the insertion of A-site vacancies improved the carrier mobility of Perovskite-type oxides without resulting in a change in their carrier concentration. This insertion induced low thermal conductivity owing to the atomic unbalance of the crystal structure. A-site vacancies are key factors in obtaining higher electrical conductivity and lower thermal conductivity.
Introduction
In the recent trend of energy supply, thermal and nuclear power generation systems are typical power generation systems that harness thermal energy. These power generation systems convert thermal energy into kinetic energy, and then convert kinetic energy into electric energy, and in this process, most of the thermal energy is lost as waste heat. In contrast, thermoelectric power generation systems directly convert thermal energy into electric energy by utilizing energy garnered by the temperature differential between the source and the sink. In this type of system, waste heat is available for re-use. High-temperature thermoelectric materials need high thermal and chemical stability for long time use at high temperatures and in various atmospheres. Metal oxides have both high thermal and high chemical stability and are potentially suitable materials for hightemperature thermoelectric applications. 13) Low density of the metal oxides is also attractive when we evaluate power density.
The performance of thermoelectric materials can be assessed in terms of the figure of merit Z given by the following equation:
where S, · and ¬ are the Seebeck coefficient, the electrical conductivity and the thermal conductivity, respectively. S 2 · is called the power factor.
There are relatively few n-type oxide materials. Among the n-type oxide materials, CaMnO 3 based materials with Perovskite-type structure are the most promising materials as possible n-type oxide thermoelectric material. For polycrystalline CaMnO 3 based materials, Ohtaki et al. 4) and D. Flahaut et al. 5) reported Z values of 0.14 © 10 ¹3 K
¹1
(ZT = 0.16 at T = 1173 K) and 0.16 © 10 ¹3 K
(ZT = 0.16 at T = 1000 K), respectively. For enhancing the figure of merit, the thermal conductivity should be further decreased without decreasing the electrical conductivity. 6) To decrease the thermal conductivity, the crystallo-chemical information is important. In previous studies, 7, 8) we focused on Perovskite-type compounds that have a Ruddlesden-popper structure 9) with a general formula of AO·n(ABO) 3 , or Perovskite structure with A-site vacancies and a general formula of A 1¹x BO 3¹x . The Ruddlesden-popper structure includes rock salt layers (referred to as heat resistance layers (HRL)) that could decrease the thermal conductivity, but they also decrease the electrical conductivity. However, the insertion of A-site vacancies into Ca 1¹x La x MnO 3 could improve the figure of merit by decreasing the thermal conductivity and increasing the electrical conductivity.
10)
The insertion of A-site vacancy in the perovskite-type structures can give particular physical properties. Zonggang et al., reported that a sensor based on La 0.9 □ 0.1 FeO 3 showed excellent CO gas-sensing characteristics 11) Weighed powders were mixed for 24 h using a ball mill and then calcined at 1273 K for 10 h in air. The powders were sieved to obtain a nominal size of less than 53 µm. The mixed powders were pressed into a rectangular shape under a pressure of 5 MPa and then subjected to rubber pressing under 196 MPa. These samples were sintered in air at 1573 K for 10 h. The identification of the samples and the determination of lattice parameter were performed by X-ray diffractometry using Cu K¡ radiation at room temperature.
The electrical conductivity and the Seebeck coefficient of the sintered specimens were measured in the temperature range from 873 to 1080 K using a ZEM-3 apparatus (ULVAC-RIKO, Inc.). The thermal conductivity of the sintered samples were measured by the comparison method at 873 K. Quartz glass (2.2 Wm K ¹2 at 873 K) was used as the standard sample. 
Results and Discussion
respectively. The relationship between orthorhombic and primitive Perovskite-type structures for the space group Pnma, can be defined as follows:
For convenience, the orthorhombic and primitive lattice parameters are labeled with a, b and c and with aA bA and cA, respectively. The ionic radii of Ca 2+ and Nd 3+ (coordination number of 12) and Mn 4+ and Mn 3+ (coordination number of 6) are 0.134, 0.127, 0.053 and 0.0645 nm, respectively. 16) The primitive-lattice parameters of both systems increase with increasing x although the ionic radius of Nd 3+ is smaller than that of Ca 2+ . Therefore, the increase in the primitivelattice parameters suggests that Mn valences change from Mn 4+ to Mn
3+
. Ca 1¹x Nd 2x/3 □ x/3 MnO 3 system have same value of bA and cA. The primitive-lattice parameters revealed that the insertion of A-site vacancy induced a crystal structural shift from orthorhombic (aA > bA > cA) to pseudotetragonal (aA > bA = cA). Thermoelectric Properties of Perovskite-Type Oxide CaMnO System in Relation to A-Site Vacancies
The Rietveld method was employed to confirm existence of an A-site vacancies and structural parameters by using the RIETAN-FP program. 17) In this work, we use the same initial atomic positions as those reported by Jorges et al.
18) The isotropic atomic displacement parameters (B) in the analysis were fixed, both of Ca/Nd site and Mn site were 0.5, and both of O (1) site and O (2) site were 1.0, respectively, since B has a strong correlation with occupancy (g). A split pseudo-Voigt function was selected to model the Bragg peak shapes. Tables 1 and 2 19, 20) are shown in Fig. 5 . Figure 5 shows that the both Ca 0. ( Fig. 5) . Jonker plots revealed that the insertion of A-site vacancies improved the carrier mobility of Perovskite-type oxides without changing the carrier concentration. The increase in carrier mobility likely originates from the change in crystal-symmetry. Furthermore, there may be a change in the conduction pass or in the effective electron mass from the R wp = 9.527% R e = 6.405% R B = 2.944% S = 1.488 Table 2 The refined structual parameters for Ca 0.85 Nd 0.1 □ 0.05 MnO 3 (Pnma). 
Atom
where L represents the Lorenz number (2.45 © 10
¹8
W ³ K ¹2 ). The lattice thermal conductivity (¬ L ) can be given by the following equation:
Although the value of ¬ e increased with increasing electrical conductivity, the influence of ¬ e on the total ¬ is very small, as its value if very small in comparison with the value of ¬. For all samples, the phonon contribution is more important than the electronic contribution, and therefore, the total ¬ is mainly ascribed to the lattice contribution. The thermal conductivities of both systems decreased with were larger than those of Ca 1¹x Nd x MnO 3 and the reason for this is likely because the insertion of the A-site vacancy decreases the thermal conductivity while it simultaneously increases the electrical conductivity. We considered that the insertion of an A-site vacancy into Perovskite-type structure could improve the figure of merit by decreasing the thermal conductivity and the increasing power factor (S 2 ·). Consequently, we obtained the maximum figure of merit
, at 873 K. Thus, the insertion of A-site vacancy into the Perovskite-type structure could be an improved method to enhance thermoelectric performance.
Conclusion
The orthorhombic perovskite-type oxide systems, Ca 1¹x Nd x MnO 3 and Ca 1¹x Nd 2x/3 □ x/3 MnO 3 (□ indicates A-site vacancy) were synthesized by a standard ceramic technique. The primitive-lattice parameters revealed that the insertion of an A-site vacancy induced a crystal structural shift from orthorhombic (aA > bA > cA) to pseudo-tetragonal (aA > bA = cA). is larger than that of the Ca 1¹x Nd x MnO 3 system. Jonker plots reveal that the carrier mobility is increased by the insertion of an A-site vacancy. The increase in the carrier mobility likely originates from change in the crystal- symmetry. The insertion of A-site vacancy into the Perovskite-type structure lowered the thermal conductivity, likely induced by an atomic unbalance of crystal structure. We obtained the maximum figure of merit Z = 0.19 © 10 ¹3 K ¹1 at 873 K. The insertion of A-site vacancies is important for obtaining higher electrical conductivity and lower thermal conductivity. 
